ABSTRACT: Voltage-dependent anion channels (VDACs) are critical regulators of outer mitochondrial membrane permeability in eukaryotic cells. VDACs have also been postulated to regulate cell death mechanisms. Erastin, a small molecule quinazolinone that is selectively lethal to tumor cells expressing mutant RAS, has previously been reported as a ligand for hVDAC2. While significant efforts have been made to elucidate the structure and function of hVDAC1, structural and functional characterization of hVDAC2 remains lacking. Here, we present an in vitro system that provides a platform for both functional and structural investigation of hVDAC2 and its small molecule modulator, erastin. Using this system, we found that erastin increases permeability of VDAC2 liposomes to NADH in a manner that requires the amino-terminal region of VDAC2. Furthermore, we confirmed that this VDAC2-lipsome sample is folded using solid-state NMR. V oltage-dependent anion channel (VDAC) proteins are eukaryotic porins that provide the major route for metabolite trafficking across the mitochondrial outer membrane. VDACs are also involved in cell death and are therefore of great interest for their role in health and disease.
V oltage-dependent anion channel (VDAC) proteins are eukaryotic porins that provide the major route for metabolite trafficking across the mitochondrial outer membrane. VDACs are also involved in cell death and are therefore of great interest for their role in health and disease. 1 Humans possess three isoforms of VDAC channels; to date VDAC1, the major isoform, is the best characterized. Recently, the high-resolution structure of VDAC1 has been elucidated by both solution-state and solidstate NMR as well as X-ray crystallography, 2,3 revealing a 19-stranded β-barrel fold with an N-terminal helical segment.
In contrast, biophysical and structural characterization of VDAC isoforms 2 and 3 is lacking. VDAC2 and 3 have distinct functions in cell death and serve as targets of the small molecule erastin, which triggers a previously unobserved form of tumor cell death 4 ( Figure 1a and Figures S1 and S2 of the Supporting Information). Although VDAC2 is known to interact with and inhibit the proapoptotic protein Bak, 5 cell death mediated by erastin occurs by a nonapoptotic mechanism involving VDAC2 and VDAC3. A hallmark of erastin-induced cell death is the formation of reactive oxygen species, raising the possibility that erastin acts by affecting metabolite gating. Modulation of VDAC2 or VDAC3 metabolite gating activity may be a new approach to target disease, and knowledge of the erastinÀVDAC2 interaction should improve our understanding of VDAC2 structureÀfunction relationship.
To gain insight into the effects of erastin on hVDAC2, we developed an in vitro model of hVDAC2 that permits interrogation of structural and functional properties of purified hVDAC2. We purified recombinant His 6 -tagged hVDAC2 protein from inclusion bodies, followed by on-column refolding in the presence of detergents (see Supporting Information). 4 Similar to what has been reported for native VDAC, 6 this hVDAC2 protein reconstituted into the planar lipid membrane forms a typical VDAC single channel with characteristic gating behavior at high potentials (see Figure S3 of the Supporting Information).
Full-length hVDAC2 was incorporated into liposomes with near 100% efficiency (see Figure S4 of the Supporting Information) by mixing the protein with a lipid mixture of phosphatidylcholine and phosphatidylserine in a 4:1 mass ratio. Because previous studies have indicated the importance of cholesterol 7 in reconstituting VDACs in a functional conformation, we included 0.1 mg/mL cholesterol (see Supporting Information on exact precipitation procedure). The creation of liposomes was verified by CryoEM ( Figure 1b and Figure S5 of the Supporting Information).
We sought to evaluate the structural integrity of precipitated hVDAC2 liposomes using solid-state NMR. In the past few years, this technique has emerged as a capable method for the investigation of integral membrane proteins 8À10 and has recently been applied to structure determination of the N-terminal helix of VDAC1. 11 We prepared uniformly 13 C-labeled hVDAC2 and found that hVDAC2 is folded under the conditions used for functional assays (see below and Supporting Information for sample preparation and additional spectra). A two-dimensional 13 
CÀ

13
C dipolar-assisted rotational resonance (DARR 10 ) spectrum, which can be considered the "fingerprint" of the protein, differentiates between peaks arising from R-helical residues and those from the β-barrel, based on . On the basis of a comparison of the observed shift regions and structure-based statistics, 12 we conclude that hVDAC2 is in a β-barrel-like conformation, as expected from structural studies of VDAC1. An overlay of the erastin-treated and untreated samples reveals chemical shift changes, most notably in the β-strand threonine region, indicating that erastin may affect these residues by binding on the inside of the pore (see Figure S6 of the Supporting Information).
Pore size is a key indicator of correct folding in VDAC proteins. As an assessment of pore size for the liposome-incorporated hVDAC2, we monitored shrinkage and swelling of liposomes induced by osmolytes of varying sizes by light scattering. 13 In agreement with previous observations in liposomes containing mitochondrially isolated VDAC2, these experiments revealed that osmolytes smaller than 4 kDa can pass through the VDAC2 pore, while larger osmolytes do not induce reswelling (see Figure S8 of the Supporting Information).
Small molecule modulators of VDACs, such as erastin, may act by perturbing VDAC metabolite gating. To test this hypothesis, we developed an assay to monitor the passage of NADH through the VDAC2 pore. In cells, NADH serves as a key substrate and regulator of hVDAC2. 14, 15 To monitor NADH transport through the hVDAC2 pore, we introduced bovine lactate dehydrogenase (LDH) into liposomes by sonication (see Supporting Information). LDH serves to oxidize NADH entering the liposome, a process that is limited by VDAC2 permeability and which can be easily monitored by observing the decrease in absorption of NADH at 340 nm (see Figure S8 of the Supporting Information).
Liposomes containing hVDAC2 were subjected to the LDHcoupled gating assays and were found to have slower rates of NADH oxidation than samples containing LDH alone, while empty liposomes and liposomes containing LDH, but no VDAC2, showed littleto-no NADH oxidation (see Supporting Information). These data indicate that NADH enters the liposomes almost exclusively through the hVDAC2 pore.
Erastin was previously shown to bind hVDAC2 with a K d value of 112 nM. 4 We evaluated the effect of erastin on NADH trafficking through hVDAC2. hVDAC2-liposome samples were incubated with varying concentrations of erastin or an inactive analogue, erastin A8, prior to NADH oxidation assays. By comparing the rates of NADH oxidation in DMSO-treated liposomes and compound-treated liposomes, we determined that erastin treatment increases VDAC2 permeability to NADH by 50.1 ( 5.1% with a mean EC 50 = 52.6 ( 28.2 nM (Figure 1c) . In contrast, erastin A8 (Figure 1a ) failed to trigger a similar effect at any concentration tested. We then investigated the possible involvement of the N-terminal loop in VDAC2 gating and erastin binding by expressing a truncated version of hVDAC2 lacking the first 20 amino acids (ΔhVDAC2). N-terminal truncations of VDACs have previously been described to be functional in lipid-bilayer gating experiments but show altered voltage-dependence and decreased initiation of cell death. 16 LDH-coupled gating assays with ΔhVDAC2 liposomes exhibited 30.6 ( 1.6% lower permeation rates than observed for the wild-type hVDAC2 (see Figure S9 of the Supporting Information). Erastin had no effect on NADH permeability in ΔhVDAC2 liposomes at sub-micromolar concentrations, suggesting involvement of the N-terminal region in mediating erastin's effect on metabolite gating. At the highest concentration tested, 10 μM, a strong positive effect was observed on NADH permeability (Figure 1d ). Consistent with these data is the observation that N-terminal mutants of Neurospora crassa VDAC have an increased preference for the cation selective "closed" state. 17 The N-terminal deletion of ΔhVDAC2 may similarly shift the channel into the closed state and cause a decreased basal rate of NADH permeation through the channel, thus amplifying an effect of high concentrations of erastin in our analysis. Whatever the mechanism, the high concentration makes it less relevant to erastin's activity in cells.
In conclusion, we have created an in vitro functional system for monitoring metabolite gating of hVDAC proteins, a system that enables side-by-side structural and functional study of these proteins. Using this system, we determined that erastin affects metabolite gating of hVDAC2, leading to a better understanding of erastin's mechanism of action. These studies should aid in understanding VDAC2 gating mechanisms and in developing novel antitumor agents.
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